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Abstract 
Microelectromechanical systems remain an area of significant interest in fundamental and 
applied research due to their wide ranging applications. Most device designs, however, are 
largely two-dimensional and constrained to only a few simple geometries. Achieving tunable 
resonant frequencies or broad operational bandwidths requires complex components and/or 
fabrication processes. The work presented here reports unusual classes of three-dimensional 
(3D) micromechanical systems in the form of vibratory platforms assembled by controlled 
compressive buckling. Such 3D structures can be fabricated across a broad range of length 
scales and from various materials, including soft polymers, monocrystalline silicon, and their 
composites, resulting in a wide scope of achievable resonant frequencies and mechanical 
behaviors. Platforms designed with multistable mechanical responses and vibrationally de-
coupled constituent elements offer improved bandwidth and frequency tunability. 
Furthermore, the resonant frequencies can be controlled through deformations of an 
underlying elastomeric substrate. Systematic experimental and computational studies include 
structures with diverse geometries, ranging from tables, cages, rings, ring-crosses, ring-disks, 
two-floor ribbons, flowers, umbrellas, triple-cantilever platforms, and asymmetric circular 
helices, to multilayer constructions. These ideas form the foundations for engineering designs 
that complement those supported by conventional, microelectromechanical systems, with 
capabilities that could be useful in systems for biosensing, energy harvesting and others. 
 
 
  
4 
 
 
1. Introduction 
Microelectromechanical systems (MEMS) exploit structural vibrations for precision mass 
sensing,[1-3] microscale rheology,[4-7] measurement of cell mechanics,[8-12] and energy 
harvesting[13-15] and other important purposes.  Current MEMS devices are limited to only a 
few, largely two-dimensional (2D) geometries such as cantilevered beams,[16-18] doubly 
clamped bridges,[19] stressed wires,[20] and other constructs based on flat membranes and 
plates.[7, 21] These devices also, by consequence, operate in a largely simple, 2D manner, 
thereby limiting their utility when full, three-dimensional (3D) motions are required. For 
example, biological cells[22-25] and tissues[26-29] have anisotropic mechanical properties.  
Investigating the mechanical properties of these materials demands devices with capabilities 
for operation in 3D space. In addition, ambient vibrations are essentially three-dimensional, 
and hence conventional 2D MEMS devices for kinetic energy harvesting applications have 
disadvantages.  Recent advances in MEMS technologies include the development of devices 
with resonant frequencies that can be tuned to compensate for frequency shifts associated with 
changes in the operating environment[20, 30-32] and that can be continuously adapted for time-
varying ambient vibrations, both of which improve the efficiency for energy harvesting. 
Common methods for tuning the frequency include changing the associated mass and/or 
tuning the effective stiffness of the resonator by applying stresses through piezoelectric 
effects, thermal expansion or electrostatic forces.[20, 30-32] These approaches require, however, 
integration of additional components and materials, and, therefore, significantly complicate 
the fabrication process. 3D structures formed via origami,[33, 34] buckling,[35-38] and 3D 
printing[39] have attracted significant attentions due to their wide range of applications such as 
microphysiological systems,[39] cell studies,[40, 41] bio-mimic actuators,[42, 43] and the control of 
wave propagation.[44, 45] However, their applications in MEMS resonators and energy 
harvesters remain to be fully explored. 
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This paper presents a systematic set of experimental and theoretical studies of a broad set of 
3D vibrational structures with diverse geometries, assembled by controlled compressive 
buckling from advanced materials including soft polymers, brittle silicon, and their 
composites, with potential use as 3D MEMS resonators and kinetic energy harvesters. These 
platforms offer resonant frequencies that can be tuned by varying the in- and out-of-plane 
sizes and compositions of the structures or by inducing deformations in the underlying 
elastomeric substrates. Multistable structures provide routes to increase the bandwidth and 
tunability. Demonstrations include a broad set of 3D architectures ranging from tables, cages, 
rings, ring-disks, ring-crosses, flowers, umbrellas, membrane-cantilever hybrid structures, 
asymmetric circular helices, to multilayer cage structures. 
 
2. Results and Discussion 
Cage and table structures serve as examples to demonstrate the essential physics that 
underpins the dependence of resonant vibrational frequencies on compressive strains applied 
on the structures via deformations of the substrate (Figure 1). Fabrication follows previously 
reported approaches in deterministic mechanical assembly.[46-49] Specifically, a set of 
microfabrication processing steps first produces a collection of 2D precursor structures.  
Transfer onto a prestretched elastomeric substrate after treating the contacting surfaces to 
define a collection of sites for strong mechanical bonding prepares the system for geometrical 
transformation into a 3D structure. Here, relaxing the stretch in the substrate imposes 
compressive forces on the 2D precursors at the bonding sites, and leads to delamination and 
consequent out-of-plane translational and rotational motions of the non-bonded regions. The 
Experimental Section describes the details. Here, the resulting 3D structures serve as 
vibrational platforms on elastomeric substrates. Controlling the deformation of the latter 
offers a means for adjusting the 3D geometries and, by consequence, the resonant frequencies.  
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Figure 1a,b presents scanning electron microscope (SEM) images and results of 3D finite 
element analyses (FEA) for the cage and table structures compressed at 20%, 30%, and 40% 
biaxial strains (denoted as comp). The values of comp correspond to magnitude of strain 
released from the substrate initially in its prestretched state. Each structure consists of a 
patterned layer of a photodefinable polymer (SU8, MicroChem) with thicknesses of 10 m, 
and widths of 200 m (table) and 50 m (cage) for the support features.  (Figure S1 
(Supporting Information) presents detailed geometries for the 2D precursors in both cases. 
Figure 1a,b shows that, as the compressive strains increase, the in-plane sizes of the cage and 
table structures decrease and heights increase, as expected. The resulting geometries, in all 
cases, show good agreement with the FEA. Figure 1c,d illustrates two representative 
vibrational modes, left-right and back-front modes, obtained by FEA. Here, the images in 
green and grey correspond to the shapes of the 3D structure at two utmost phases (denoted by 
phases 0o and 180o) during harmonic motions. Due to the thin geometries of the features, 
cooperative deformations of different components occur mainly by bending and twisting. 
 
A system that captures the time dependence of laser light scattered from the vibrating 
structures yields frequencies and amplitudes associated with the motions. Figure 1e,f presents 
the measured amplitude-frequency responses of the cage structures in Figure 1a,b for the left-
right and back-front modes. Although the amplitudes depend linearly on the intensity of the 
scattered laser light for a given experimental configuration, comparisons between different 
structures are difficult due to variations in geometry and baseline values of scattered light. As 
a result, Figure 1e,f presents the amplitudes normalized by the value at resonance, to facilitate 
comparisons between the experimental results. The Experimental Section describes the details 
of the measurement system and method. The results in Figure 1e,f show that resonant 
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frequencies decrease as the compressive strains increase, confirming the tunability by 
substrate deformation mentioned previously. As a comparison, Figure 1g shows 
corresponding FEA results. Due to the four-fold rotational symmetry of these two structures, 
the left-right and the back-front modes have the same amplitude-frequency responses in FEA. 
Figure 1h summarizes the values of resonant frequencies obtained from experiments and 
FEA. For the left-right mode, the measured resonant frequency reduces from 6.45 kHz and 
5.85 kHz to 5 kHz when the compressive strain increases from 20% and 30% to 40%, 
respectively. The resonant frequencies for the back-front mode are 6.4 kHz, 5.95 kHz, and 5 
kHz for 20%, 30%, and 40% biaxial compressive strains, respectively. The FEA results 
confirm the monotonically decreasing relation between resonant frequencies and compressive 
strains. Figure S1 (Supporting Information) presents the vibrational modes and resonant 
frequencies of the up-down mode corresponding to 20%, 30%, and 40% biaxial compressive 
strains. The dependence of the resonant frequency on the compressive strain can be mainly 
attributed to changes in the shapes of the 3D structures. In general, the resonant frequency (f) 
relates to the effective stiffness (K) and effective mass (M) of a vibrational system 
by /f K M , where K and M are dependent on the shape, material properties, and the 
vibrational mode of the 3D structure. The shapes of the 3D structures change significantly 
with compressive strain, thereby inducing changes in the resonant frequency, but without 
significantly affecting the nature of the vibrational mode.  
 
Figure 1i,j shows experimental and FEA resonant frequencies of table structures at 20%, 30%, 
and 40% biaxial compressive strains and three length scales (denoted as Scales 1, 2, and 3).  
The in-plane size and thickness of the 2D precursor for Scale 3 are 800 m and 4 m, 
respectively. The in-plane sizes of Scales 1 and 2 structures are 3 and 2 times of the Scale 3 
structures, and their thicknesses are 10 m and 7 m, respectively. Figure S1b (Supporting 
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Information) shows SEM images of the three structures at the same strain, demonstrating their 
nearly identical overall shapes. At each scale, the resonant frequencies decrease with 
increasing compressive strains. At each compressive strain, the resonant frequencies increase 
as the dimensions decrease. The FEA results show good quantitative agreement with 
experimental measurements. The conclusion is that a wide range of resonant frequencies can 
be achieved by varying the compressive strains or scaling the dimensions without changing 
shape.  
 
The resonant frequencies also depend on material composition and structural dimensions 
(Figure 2). Cage structures serve as examples to demonstrate sensitivity to composition. 
Figure 2a presents SEM images and FEA results of three representative cage structures made 
of a single layer of SU8, a bilayer of SU8 and monocrystalline Si, and a single layer of 
monocrystalline Si (left to right).  Figure 2c shows two representative vibrational modes, left-
right and up-down modes, obtained by FEA. Figure 2e,f presents the measured amplitude-
frequency responses of these modes. Results in Figure 2e,f include three cage structures 
(denoted as Scale 1 in Figure 2e,f) constructed of SU8 (10 m), SU8 (8.5 m) / silicon (1.5 
m), and SU8 (5 m) / Si (1.5 m), and two cage structures whose in-plane sizes are a factor 
of two smaller than those at Scale 1. Because the modulus (130 GPa) of Si is much larger than 
that (4.02 GPa) of SU8, the 3D cage structure made of SU8 (8.5 m) / Si (1.5 m) has a much 
higher resonant frequency than that of the SU8 (10 m), even though both the lateral sizes 
and the total thicknesses are the same. The resonant frequencies of the smaller cage structures 
(Scale 2, i.e. half the size of Scale 1 cages) are higher than all three of the Scale 1 cage 
structures. The 3D cage of Si (1.5 m) has higher resonant frequencies than those of the SU8 
(5 m), because the effect of the modulus overcomes that of the thickness in this case.  
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A scaling law provides quantitative understanding of the effect of material and geometrical 
parameters on the resonant frequency. For a vibrational mode dominated by bending, the 
effective stiffness (K) of the 3D structure is proportional to 3 2ˆ /Eh L , where Eˆ  is the 
equivalent modulus, h the total thickness and L the lateral size; the effective mass (M) is 
proportional to 2ˆhL , with ˆ  being the equivalent density. Therefore, the resonant frequency 
can be written as  
  
1/2 1/2 1/2 2ˆ ˆ/f K M E hL      , (1) 
where   is a dimensionless factor that depends on the shape of 3D structure and the 
vibrational mode and can be determined from FEA. For a bilayer composite of SU8 and Si, 
the expressions for Eˆ  and ˆ  are 
 
  
2 4 3 2 2 3 2 4
SU8 SU8 SU8 Si SU8 Si SU8 Si SU8 Si SU8 Si SU8 Si Si Si
3
SU8 SU8 Si Si SU8 Si
4 6 4ˆ E h E E h h E E h h E E h h E hE
E h E h h h
   

 
, and (2) 
 SU8 SU8 Si Si
SU8 Si
ˆ
h h
h h
 




, (3) 
where SU8E , SiE  , SU8 , Si , SU8h , and Sih  are the Young’s modulus, density and thickness of 
SU8 and Si, respectively. This scaling law agrees well with the experiment results in Figure 
2g and h and the FEA results in Figure S3 (Supporting Information) for a wide range of 
parameters.  
 
Studies of three structures (ring, ring-cross, and ring-disk structure) demonstrate the 
relationship between the resonant frequencies and the length scales (Figure 2b). Figure 2b 
presents SEM images and FEA results. The vibrational direction lies along the two bonding 
sites, and Figure 2d presents their vibrational modes. Figure 2i shows the resonant 
frequencies of the ring and table structures, plotted against their lateral sizes normalized by 
the largest scale. The results illustrate that the resonant frequencies increase as the sizes 
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decrease. This scaling is consistent with that observed in ring-cross and ring-disk structures at 
two length scales (Figure 2j). The relationship in Eq. (1) also applies to 3D structures made 
of a single material, where the equivalent modulus Eˆ  and density ˆ  simply become the 
modulus E and density   of this material. The scaling agrees well with FEA results for more 
than 10 different 3D structures including the four structures studied here (table, ring, ring-
cross, and ring-disk structure), as shown by Figures S4 and S5 (Supporting Information), as 
well as the experimental results in Figure 2k,l. 
 
Two-floor structures demonstrate that broadband amplitude-frequency behavior can be 
achieved by mechanically multistable 3D vibrational platforms (Figure 3). Figure 3a shows a 
top-view SEM image and FEA results of three structures in SU8 (10 m), fabricated using the 
same process from identical precursors formed at the same time, that are in three stable states. 
The ribbons on the second floor exhibit three different stable states: 0 downward ribbon (state 
1), 1 downward ribbon (state 2), and 2 downward ribbons (state 3). Each of the three 
structures corresponds to a local minimum in the total strain energy. FEA indicates that a 
small perturbing force applied at the initial stage of the buckling process can cause the 
structure to transform from one state to another. By contrast, this perturbing force must be 
large if applied after 3D assembly. Figure 3b illustrates left-right and up-down resonant 
modes of the three states, and Figure 3c,d presents the measured amplitude-frequency 
responses. Resonant frequencies of the left-right mode vary significantly among these cases. 
State 1 (0 downward ribbon) has the highest resonant frequency at 15.4 kHz.  The resonant 
frequencies of states 2 and 3 are 12.95 kHz and 11.5 kHz, respectively. Therefore, the 
resonant frequencies of the left-right mode decrease as the number of downward ribbons 
increases. The up-down mode follows the same trend, although with a comparatively small 
magnitude. The resonant frequencies of the up-down mode are 18.8 kHz, 18.65 kHz, and 17.5 
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kHz, respectively, for states 1, 2, and 3. Figure 3e summarizes the measured resonant 
frequencies and the values obtained by FEA, with good agreement (discrepancies less than 
7%). 
 
The resonant frequencies of each of these states can be continuously tuned by compressive 
strain. This capability can be combined with the strategies in state transfer to achieve 
broadband tunability of resonant frequency in the two-floor multistable structure. A process of 
design optimization of the shape in 2D precursor illustrates the opportunities. Here, the 
resonant frequency (f) is first normalized by 2 1/2 1/2 1fL E h     to exclude the influence of 
the lateral size (L), the thickness (h) and the material properties ( E ,  ). Fixing the size, the 
widths of the ribbon in the x- direction (
xw ) and the y- direction ( yw ) serve as the two 
variables to be optimized, as shown in the inset of Figure 3f. The target is to maximize the 
ratio ( max min/  ), in which max  and min  represent the maximum and minimum resonant 
frequencies of the three buckling states as the compressive strain varies in the range of 10% to 
50%. A design constraint is that the resonant frequency should be tunable in a continuous 
manner from the minimum to the maximum value without any gap. Only the first order mode, 
namely the left-right mode, is considered. The ratio max min/   appears as a function of x/L w  
and y x/w w  in Figure 3f. The optimal design reaches a ratio of max min/ 2.25   , and in this 
case, the normalized resonant frequency   can be continually tuned from 0.59 to 1.31 as 
shown by Figure 3g. Note that only two buckling states (1 and 2) are needed to achieve the 
tunable resonant frequency band, as the other state (i.e., state 3) does not provide any 
additional broadening.  
 
A set of complex 3D structures illustrates the diversity of vibrational behavior that can be 
realized (Figure 4).  Figure 4a shows SEM images and FEA results of a six-fold rotationally 
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symmetric flower structure (SU8, 10 m in thickness) and its amplitude-frequency response 
for the left-right mode. The first resonance corresponds to the vibration of the petal tip. 
Figure 4b presents an eight-fold rotationally symmetric umbrella structure (SU8, 10 m in 
thickness). Similar to the flower structure, amplitude-frequency response of the left-right 
mode exhibits a single peak that corresponds to a global resonance of the structure. 
Asymmetric geometries are also possible. Figure 4c illustrates a triple-cantilever structure 
(SU8, 10 m in thickness) that has cantilever beams with different lengths connected to a 
triangular membrane. The beam “B1” is the longest, and “B3” is the shortest. Therefore, the 
resonant frequency of B1 is lowest, and B3 is highest. The resonant frequency of the 
membrane is higher than that of the beams. Figure S6c (Supporting Information) shows its 
vibrational modes. The resonance of the beam is localized and largely decoupled from 
deformations of the membrane. By contrast, the resonance of the membrane leads to global 
vibration of the entire structure. This example illustrates the ability to decouple local and 
global resonances in complex 3D vibrational platforms. Figure 4d presents an asymmetric 
circular helix (SU8, 10 m in thickness) that consists of eight ribbons with different lengths. 
Figure 4d also includes the frequency responses of four ribbons with different lengths. The 
eighth ribbon is the shortest, and hence its resonant frequency is highest. Various resonances 
are therefore readily achievable in a single structure. Figure 4e highlights a multilayer cage 
structure and its amplitude-frequency responses. The lateral size of the lower layer (SU8, 7 
m in thickness) is 50% of the upper layer (SU8, 10 m in thickness), resulting in a higher 
resonant frequency. Figure 4f shows comparisons between measured resonant frequencies 
and FEA results, with good agreement (discrepancies less than 7% for all structures).  
 
3. Conclusion 
In summary, this paper presents a systematic study of vibrational modes in 3D structures 
assembled by compressive buckling. These systems provide high levels of versatility in 
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design of vibrational responses, through (1) structural complexity and dimensional scaling 
enabled by the assembly process, (2) diversity in materials selections, in single or 
multicomponent layouts, (3) reversible geometrical tunability enabled by the mechanical 
elasticity of the substrate.  Multistable mechanics and vibrational decoupling of multiple 
resonant modes represent some consequent strategies for broadband operation, of utility in 
mechanical resonators, kinetic energy harvesters and other applications. Rotationally 
symmetric structures, asymmetric networks, and nested, multilayer layouts can be adapted for 
various additional mechano-vibratory responses. These results suggest that such classes of 3D 
structures offer potentially important design options that lie outside of the scope of 
possibilities supported by traditional MEMS technologies.   
 
From a design perspective, the results presented in this paper provide several important 
considerations and options. (1) Decreasing the lateral dimensions and increasing the 
stiffnesses of 3D microstructures that consist main ribbons increases their resonant 
frequencies and therefore improves their detection limits when used for mass sensing. (2) 
Reversible geometrical deformations of 3D microstructures alter their resonant frequencies in 
well-defined ways, of relevance for devices that require tunable response. (3) Selection of 
constituent materials provides a route to meet requirements for operating frequencies in 
devices that involve a fixed, or a narrow range of in-plane dimensions. (4) Multistable 3D 
microstructures offer alternative options for broadband frequency operation, of importance for 
use in mechanical energy harvesters. (5) Multilayer and asymmetric 3D microstructures can 
serve as ideal platforms for devices that require multiple separated resonant frequencies and 
modes. 
 
4. Experimental Section 
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Fabrication of 3D structures in SU8, Si, and SU8/Si followed previously reported 
procedures.[46-49] Figure S7 (Supporting Information) presents a schematic illustration of the 
fabrication procedures. Preparation of SU8 3D structures began with spin-casting SU8 on a 
silicon wafer with a layer of thermally grown silicon dioxide (SiO2, 800 nm in thickness), 
followed by a photolithographic procedure to produce 2D precursors. Immersing the wafer in 
buffered oxide etch (BOE) removed the exposed SiO2 and slightly etched the SiO2 underneath 
the precursors. Spin-casting and photolithography defined a layer of photoresist (AZ5214E, 
MicroChemicals) to cover the precursors except their bonding sites. The AZ5214E served as a 
sacrificial layer to facilitate transformation of precursors into 3D structures, described below. 
Immersing the wafer in hydrofluoric acid (HF) fully removed the SiO2 and finished 
fabrication of SU8 precursors. Transferring the precursors onto a PDMS stamp and then to a 
sheet of water soluble tape (polyvinyl alcohol, PVA) prepared samples for compressive 
buckling on an elastomeric substrate. Exposing a prestretched sheet of silicone elastomer 
(Dragon Skin, Smooth-on) and the precursors on the PVA tape to UV induced ozone activated 
hydroxyl termination to facilitate bonding between the precursors and elastomeric substrate. 
Attaching the PVA tape on the substrate and baking them in an oven at 70 oC for 9 minutes 
yielded strong bonding. Immersing in hot water and then in acetone removed the PVA tape 
and the AZ5214E sacrificial layer. Releasing the stretched substrate geometrically 
transformed the 2D precursors into 3D structures. Preparation of 3D structures of Si began 
with photolithographic patterning of etching masks (AZ5214E) on a silicon-on insulator (SOI) 
wafer. Reactive ion etching (RIE) of the exposed regions of the top silicon layer (1.5 um in 
thickness) defined the geometry of the 2D Si precursors. Immersion in Nanostrip at 100 oC for 
10 minutes removed the AZ5214E. The remaining steps were identical to those for the SU8 
structures. Preparation of SU8/Si structures combined the steps described above. In particular, 
the process began with patterning the Si layer of a SOI wafer, followed by spin-casting an 
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adhesive layer (OmniCoat, MicroChem) to improve adhesion between Si and SU8. The 
remaining steps were identical to those for the SU8 structures.  
 
A 3D-printed testing stage and piezoelectric actuators excited vibrations of 3D structures 
under test (Figure S8 (Supporting Information)). Figure S8a shows an optical image of the 
stage and actuators. The latter consisted of a central platform, translational arms, slots for 
housing actuators, and a base frame. Two piezoelectric chips (Thorlabs, 75 V Piezoelectric 
Chips. 2.8 um in stroke) placed in two slots of the stage served as actuators to excite 
vibrations of 3D structures. A function generator (Keithley 3390) applied sinusoidal voltage 
on the actuators, thereby exciting vibrations at desired frequencies. A positive driving voltage 
created expansion in the actuators and associated applied forces on the translational arms, 
leading to vibration of the central platform. The elastomeric substrate for the 3D structures 
under test was attached to the central platform by a layer of double-sided tape. Vibration of 
the platform led to vibrations in the 3D structure. The testing stage can generate vibrations in 
X- and Y- directions (parallel to the surface of elastomer substrate). Placing 3D structures on 
the top surface of an actuator (Figure S8b) generated vibrations in the Z-direction 
(perpendicular to the surface of elastomer substrate). 
 
A laser measurement system served as the apparatus to investigate the dynamic behavior of 
3D structures (Figure S8c (Supporting Information)). A focusing lens and mirror delivered a 
focused laser beam onto a targted region of a 3D structure under test. The 3D structure and 
supporting stage were mounted on a mechancial stage capable of translation in X-, Y-, and Z- 
directions and tilt with respect to X- and Y- axes. Light scattered from the 3D structures was 
reflected by a second mirror, collected by a second lens and directed to a photodetector 
(Thorlabs, DET110) to allow measurement of the intensity. In each measurement the position 
of the 3D structure was carefully adjusted to ensure that the laser beam focused on the 
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structure and the scattered light was collected by the photodector. A microscope facilitated the 
focusing and aligning operations. A pinhole shutter placed in front of the photodector allowed 
only a fraction of the scattered laser to be collected by the photodector. Vibrations of the 3D 
structure created fluctuations in the intensity of scattered laser collected by the photodector, 
with the same overall time dependence. A lock-in amplifier (SRS 830, Stanford Research 
Systems) measured the amplitude of fluctuating photocurrent. This system does not, of course, 
directly determine the vibrational amplitude. In each case, the setups were adjusted such that 
the the amplitude of the photocurrent responded linearly to the amplitude of driving voltage. 
In this regime of operation, the amplitude of the fluctuating photocurrent is directly 
proportional to the vibrational amplitude. The amplitude of the photocurrent measured in this 
way reached a maximum at the resonant frequency. A Labview program automatically swept 
the desired range of frequency and recorded data from the lock-in amplifier. At each 
frequency, the program waited for 4 seconds before recording data, to ensure stable vibration. 
64 data points were recorded at each frequency and the increment of freqency was 50 Hz. All 
the amplitude-frequency curves presented in this paper were the average among the 64 data 
points at each frequncy.  
 
Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure Captions 
 
Figure 1. Resonant vibrational frequencies of 3D structures and their dependence on 
compressive strains applied on the structures. a) SEM images and FEA results for 3D cage 
structures buckled at three strain levels. Scale bar: 1 mm. b) SEM images and FEA results of 
table structures buckled at three strain levels. Scale bar: 500 μm. c) and d) FEA results for the 
vibration modes of cage and table structures, respectively, in which the amplitudes are 
magnified to clearly illustrate the modes. e) and f) Measured amplitude-frequency responses 
of left-right and back-front vibrational modes, respectively, for cage structures. g) Simulated 
amplitude-frequency responses of left-right and back-front vibration modes by FEA. h) 
Comparison between measured and simulated resonant frequencies for cage structures. i) and 
j) Measured and simulated resonant frequencies of left-right and back-front vibrational modes, 
respectively, at three strain levels and three dimensional scales for table structures.  
 
Figure 2. Resonant frequencies of 3D structures as a function of material composition 
and dimensional scale. a) SEM images and FEA results for cage structures comprised of 
SU8, Si-SU8 composite, and Si. Scale bars: 500 μm. b) SEM images and FEA results for ring, 
ring-cross, and ring-disk structures. Scale bars: 1 mm. c) and d) FEA images of the vibrational 
modes, in which the amplitudes are magnified to clearly illustrate the modes. e) and f) 
Measured amplitude-frequency responses of left-right and back-front vibrational modes, 
respectively, for various combinations of SU8 and Si thicknesses. The legends represent the 
thickness ratios between SU8 and Si (unit: μm). g) and h) Experimental results compared with 
the scaling law for the resonant frequencies for SU8, Si and SU8/Si cage structures. i) 
Measured resonant frequencies of left-right vibrational modes for table and ring structures at 
three scales. j) Measured resonant frequencies of left-right vibrational modes for ring-cross 
and ring-disk structures at two scales. k) Experimental results compared with the scaling law 
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for the resonant frequencies of table and ring structures. l) Experimental results compared 
with the scaling law for the resonant frequencies of ring-cross and ring-disk structures. 
 
Figure 3. Broadband amplitude-frequency responses achieved in 3D structures with 
multistable mechanics. a) SEM images and FEA results of three stable states of two-floor 3D 
structures. Scale bar: 500 μm. b) FEA images of vibrational modes, green: phase 0°, grey: 
phase 180°, in which the amplitudes are magnified to clearly illustrate the modes. c) and d) 
Measured amplitude-frequency responses of left-right and up-down vibrational modes, 
respectively. e) Comparison between measured resonant frequencies and simulations. f) 
Optimization of the operating frequency bandwidth by designing the geometries of the 
precursor. g) Simulated variations in the normalized resonant frequency as a function of 
compressive strain for an optimized structure. The normalized resonant frequency can be 
continuously tuned from 0.59 to 1.31 by changing the compressive strain and shifting the 
buckled state. 
 
Figure 4. Single-peak and broadband amplitude-frequency responses achieved by 
structures with diverse 3D geometries. a) SEM images and FEA results for a flower 
structure (scale bar: 1 mm) and measured amplitude-frequency response for left-right mode. 
b) SEM images and FEA results of an umbrella structure (scale bar: 1 mm) and measured 
amplitude-frequency response for the left-right mode. c) SEM images and FEA results of a 
triple-cantilever structure (scale bar: 2 mm) and measured amplitude-frequency responses of 
the three beams and central membrane for the left-right mode. d) SEM images and FEA 
results of a circular helix structure (scale bar: 500 mm) and measured amplitude-frequency 
responses of the four ribbons with different lengths for the left-right mode. e) SEM images 
and FEA results of a two-layer cage structure (scale bar: 1 mm) and measured amplitude-
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frequency responses of the upper and lower floor for the left-right mode. f) Comparison 
between measured resonant frequencies and simulations.  
  
         
 
 
  
 
         
 
 
 
 
 
            
    
i
           
     
j
FEA
ecomp=20% ecomp=30% ecomp=40%
SEM
b
f
 
 
       
 
g
a
ecomp=20% ecomp=30% ecomp=40%
SEM
FEA
 
  
 
         
 
  
 
 
h
Vibration Mode: Left–Right (FEA) Back–Front (FEA)
Phase 0°
Phase 180°
c
Phase 0°
Phase 180°
Vibration Mode: Left–Right (FEA) Back–Front (FEA)
d
e
Frequency (kHz)
0.0 2.5 5.0 7.5 10.0
0.0
0.2
0.4
0.6
0.8
1.0
1.2
N
o
rm
a
li
z
e
d
 A
m
p
li
tu
d
e
Left-Right Mode 20%
30%
40%
0.0 2.5 5.0 7.5 10.0
0.0
0.2
0.4
0.6
0.8
1.0
1.2
Frequency (kHz)
N
o
rm
a
li
z
e
d
 A
m
p
li
tu
d
e
Back-Front Mode
30%
20%
40%
0.0 2.5 5.0 7.5 10.0
0.0
0.2
0.4
0.6
0.8
1.0
1.2
Frequency (kHz)
N
o
rm
a
li
z
e
d
 A
m
p
li
tu
d
e
20%
40%
30%
20 30 40
5
10
20 30 40
5
10
R
e
s
o
n
a
n
t 
 F
re
q
u
e
n
c
y
 (
k
H
z
)
Compressive strain
Exp.
Sim.
Left-Right Mode
Back-Front Mode
Sim.
20 30 40
10
20
30
40
Left-Right Mode
Scale 3
Scale 2
Scale 1
Exp.
R
e
s
o
n
a
n
t 
 F
re
q
u
e
n
c
y
 (
k
H
z
)
Compressive strain
20 30 40
10
20
30
40
Back-Front Mode
Scale 3
Scale 2
Scale 1
Exp.
R
e
s
o
n
a
n
t 
 F
re
q
u
e
n
c
y
 (
k
H
z
)
Compressive strain
Sim.
Figure 1
  
 
 
 
 
 
  
 
            
 
e
 
 
 
 
 
 
            
 
 
f
 
  
 
          
 
i  
  
 
                       
j
a
SEM
FEA
b
SEM
FEA
Vibration Mode: Left–Right (FEA) Up–Down (FEA)
Phase 0°
Phase 180°
Vibration Mode (FEA) Phase 0° Phase 180°
c d
 
 
hg
 
 
  
  
 
lk
5 10 15 20
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
Left-Right Mode
Scale 1 Scale 2
10/0
8.5/1.5
5/1.5
5/0
0/1.5
Frequency (kHz)
N
o
rm
a
li
z
e
d
 A
m
p
li
tu
d
e
5 10 15 20
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
Frequency (kHz)
N
o
rm
a
li
z
e
d
 A
m
p
li
tu
d
e
10/0
8.5/1.5
5/1.5
5/0
0/1.5
Up-Down Mode
Scale 1 Scale 2
Model
Exp.
Left-Right
0 1 2 3
 ˆ ˆ1/2 -1/2 -2 -1sE ρ hL
0
5
10
15
R
e
s
o
n
a
n
t 
 F
re
q
u
e
n
c
y
 (
k
H
z
)
0 1 2 3
 ˆ ˆ1/2 -1/2 -2 -1sE ρ hL
0
5
10
15
R
e
s
o
n
a
n
t 
 F
re
q
u
e
n
c
y
 (
k
H
z
) Up-Down
0
10
20
30
40
50
0 0.5 1.0
Normalized Lateral Size
R
e
s
o
n
a
n
t 
 F
re
q
u
e
n
c
y
 (
k
H
z
)
Table
Ring
0 0.5 1.0
Normalized Lateral Size
0
1
2
3
Ring-Cross
Ring-Disk
R
e
s
o
n
a
n
t 
 F
re
q
u
e
n
c
y
 (
k
H
z
)
 E ρ hL1/2 -1/2 -2 -1s
0 5 10 15
0
10
20
30
40
50
Model
Exp.
Table
Ring
R
e
s
o
n
a
n
t 
 F
re
q
u
e
n
c
y
 (
k
H
z
)
0 1 2
0
1
2
3
 E ρ hL1/2 -1/2 -2 -1s
R
e
s
o
n
a
n
t 
 F
re
q
u
e
n
c
y
 (
k
H
z
)
Ring-Cross
Ring-Disk
Figure 2
   
 
 
  
 
 
                
 
 
 
 
 
 
               
 
a
State 1 State 2 State 3
SEM
FEA
Vibration mode: Left–Right (FEA)
Vibration mode: Up–Down (FEA)
b
c d
g
 
 
 
 
 
 
                                        
 
e f
xwyw
LLx
y
/ xL w
xwyw
LLx
y
1510 20 25
0.7
0.9
1.1
1.3
𝒘
𝒚
/
𝒘
𝒙
1
.8
1
2
.2
5
10 15 20
0.0
0.2
0.4
0.6
0.8
1.0
1.2 State 1
State 2
State 3
Frequency (kHz)
N
o
rm
a
li
z
e
d
 A
m
p
li
tu
d
e
Left-Right Mode
15 20 25
0.0
0.2
0.4
0.6
0.8
1.0
1.2 State 1
State 2
State 3
Frequency (kHz)
N
o
rm
a
li
z
e
d
 A
m
p
li
tu
d
e
Up-Down Mode
0 1 2
10
15
20
25
Left-Right Mode, Exp.
Left-Right Mode, Sim.
Up-Down Mode, Exp.
Up-Down Mode, Sim.
Number of Downward Ribbons
R
e
s
o
n
a
n
t 
 F
re
q
u
e
n
c
y
 (
k
H
z
)
𝑳 / 𝒘𝒙
10 20 30 40 50
0.4
0.6
0.8
1.0
1.2
1.4
N
o
rm
a
li
z
e
d
 R
e
s
o
n
a
n
t 
F
re
q
u
e
n
c
y
Compressive Strain (%)
𝜶𝐦𝐢𝐧
𝜶𝐦𝐚𝐱
State 1
State 2
State 3
𝜶𝐦𝐚𝐱 /𝜶𝐦𝐢𝐧
Figure 3
   
 
                     
 
  R
e
s
o
n
a
n
t 
F
re
q
u
e
n
c
y
 (
k
H
z
)
f
a
 
 
 
 
SEM FEA
b
 
 
 
 
SEM FEA
c
 
  
 
B1
B2
B3
SEM FEA
d
 
  
 
#2
#4
#6 #8
SEM FEA
e
 
  
 
SEM FEA
5 10
0.0
0.2
0.4
0.6
0.8
1.0
1.2
N
o
rm
a
li
z
e
d
 A
m
p
li
tu
d
e
Frequency (kHz)
Left-Right Mode
2 3
0.0
0.2
0.4
0.6
0.8
1.0
1.2
N
o
rm
a
li
z
e
d
 A
m
p
li
tu
d
e
4
Frequency (kHz)
Left-Right Mode
0 1 2 3 4
0.0
0.2
0.4
0.6
0.8
1.0
1.2
N
o
rm
a
li
z
e
d
 A
m
p
li
tu
d
e
Left-Right Mode
Membrane
B1
B2
B3
Frequency (kHz)
15 20 25 30 35
0.0
0.2
0.4
0.6
0.8
1.0
1.2
N
o
rm
a
li
z
e
d
 A
m
p
li
tu
d
e
Left-Right Mode
#2 #4 #6 #8
Frequency (kHz)
0 1 2 3 4 5 6
0.0
0.2
0.4
0.6
0.8
1.0
1.2
N
o
rm
a
li
z
e
d
 A
m
p
li
tu
d
e
Left-Right Mode
Upper Lower
Frequency (kHz)
0
2
4
6
8
Flower
Umbrella
B1
B2
B3
Membrane
Experiment
Simulation
0
10
20
30
40
Helix 2-Layer Cage
#2
#4
#6
#8
Upper
Lower
Figure 4
  
24 
 
The table of contents entry  
The dynamical behavior of three-dimensional structures assembled by compressive 
buckling from advanced materials is presented. The results include a broad set of three-
dimensional geometries with unique mechanical features, such as tunable resonant 
frequencies and multistable states. The results provide important design options for MEMS 
resonators and kinetic energy harvesters.  
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1. Finite Element Analysis 
FEA obtained the shape of the 3D structure during mechanically-guided assembly, the 
vibrational mode of the buckled 3D structure, and its resonant frequency. A postbuckling 
analysis on a 2D precursor under compression provided the shape of the 3D structure upon 
release of the prestretech elastomer substrate. For the two-floor structure that has multistable 
states, a small disturbing force introduced at the initial stage of compression guided the 
structure to envolve towards a certain state. For other structures, an initial geometric 
imperfection obtained by a previous linear buckling analysis facilitated the buckling process 
and achieve desired first-order buckling mode. The FEA used eight-node 3D solid elements 
for the substrate and four-node 3D shell elements for precursors. Refined meshes for both the 
substrate and the precursor guaranteed the accuracy of analyses. Steady-state dynamic 
analyses provided vibrational modes and resonant frequencies. The amplitude-frequency 
response curve was obtained by using an interval of 20 Hz in the frequency sweeping, from 
which the resonant frequency (corresponding to the peak of the curve) can be determined. The 
FEA models used stiffness proportional damping factors 4substrate 10
  and 6
precursor 10
 to 
include the dissipations of substrates and precursors, respectively. The density (  ), Young’s 
modulus ( E ) and Poisson’s ratio (  ) were 3SU8 1219 kg/m  , SU8 4.02 GPaE   and 
SU8 0.22  for SU8; 
3
Si 2328 kg/m  , Si 130 GPaE   and Si 0.27   for silicon; 
3
substrate 1070 kg/m  , substrate 166 kPaE   and substrate 0.49   for substrate.  
 
Figure S1. a) 2D precursors, SEM and FEA images of cage and table structures. Scale bar: 500 μm. b) SEM and FEA 
images of table structures at three scales. Scale bar: 500 μm. c) FEA images of the up-down vibration modes of cage 
(both the structures and the vibration amplitudes are amplified). d) Measured amplitude-frequency responses of up-
down vibrational mode for cage structures. e) Comparison between measured and simulated resonant frequencies of 
the up-down mode for cage structures.
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Figure S2. 2D precursors, SEM and FEA images of a) ring structures at three scales (Scale bars: 500 
μm),  b) ring-cross structures at two scales (Scale bars: 1 mm), and c) ring-disk structure at two 
scales (Scale bars: 1 mm).
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Figure S3. Demonstration of scaling laws for composite structures by FEA. The total thickness is 
fixed to be 10 μm and the thickness of the silicon changes from 0 to 10 μm. The FEA simulations 
show that the resonant frequency linearly depends on the parameter combination  E
1/2
 ρ
1/2
hL
-2, where 
h is the total thickness L is the lateral size,  E and  ρ are the equivalent modulus and density 
respectively, which are expressed by Eq. (1) and Eq. (2) in the main text.
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Figure S4. Demonstration of scaling laws by FEA. In the FEA simulations, one of the four parameters 
(thickness h, lateral size L, modulus E and density ρ) changes at a time while others are fixed. The 
resonant frequency depends linearly on the parameter combination  E
1/2
 ρ
1/2
hL
−2.
 E ρ hL1/2 -1/2 -2 -1s
 310
 E ρ hL1/2 -1/2 -2 -1s
 310
 E ρ hL1/2 -1/2 -2 -1s
 310
 E ρ hL1/2 -1/2 -2 -1s
 310
 E ρ hL1/2 -1/2 -2 -1s
 310
 E ρ hL1/2 -1/2 -2 -1s
 310
 E ρ hL1/2 -1/2 -2 -1s
 310
 E ρ hL1/2 -1/2 -2 -1s
 310
 E ρ hL1/2 -1/2 -2 -1s
 310
 E ρ hL1/2 -1/2 -2 -1s
Phase 0° Phase 180°
1 10 100
1
10
100
 
R
e
s
o
n
a
n
t 
F
re
q
u
e
n
c
y
 (
k
H
z
)
1 10
1
10
100
 
 
 
 
R
e
s
o
n
a
n
t 
F
re
q
u
e
n
c
y
 (
k
H
z
)
1 10 100
1
10
100
 
R
e
s
o
n
a
n
t 
F
re
q
u
e
n
c
y
 (
k
H
z
)
1 10 100
1
10
100
R
e
s
o
n
a
n
t 
F
re
q
u
e
n
c
y
 (
k
H
z
)
1 10
1
10
100
R
e
s
o
n
a
n
t 
F
re
q
u
e
n
c
y
 (
k
H
z
)
0.1 1 10
1
10
 
 
 
 
R
e
s
o
n
a
n
t 
F
re
q
u
e
n
c
y
 (
k
H
z
)
1 10
1
10
100
 
 
 
 
R
e
s
o
n
a
n
t 
F
re
q
u
e
n
c
y
 (
k
H
z
)
Linear 
fitting
Figure S5. Demonstration of scaling laws (continued). 
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Figure S6, Vibration modes for the structures in Figure 4
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Figure S7. Schematic illustration of the fabrication process of 3D structures. a) Fabrication of SU8 precursors. b) Fabrication 
of silicon precursors. c) Fabrication of SU8/silicon composite precursors. d) Undercut, transfer printing, and buckling steps of
fabricating 3D structures. Precursors represent either SU8, silicon, or SU8/silicon composite patterns. 
Figure S8. Actuation and measurement systems a) Actuation Stage for X- and Y- actuation. b) Piezoelectric actuator for Z-
direction actuation. The Actuator was glued on a piece of glass slide by epoxy. c) Laser system for measure resonant 
frequencies of 3D structures. d) Schematic of the actuation and measurement system. 
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